We show that an intense coherent backward signal can be generated through a Raman-type four-wave-mixing process using forward propagating fields only. Phase matching for this process is achieved through a plasma modulation of the refractive index. Applications to standoff spectroscopy are discussed.
Standoff detection of trace gases in the atmosphere is one of the greatest challenges in modern science and technology. Recent discoveries and impressive technical progress in ultrafast optics suggest new powerful tools for remote sensing. In particular, filamentation of highpower ultrashort laser pulses in the atmosphere [1] offers new approaches to standoff detection [2, 3] at different altitudes [4] and distant locations [5] . The search for the strategies capable of enhancing the return of the standoff detection signal is ongoing. Promising solutions to this problem include standoff spectroscopy based on gainswept superradiance [6] through the recently discovered lasing processes in the atmosphere [7, 8] , coherent Raman techniques [9, 10] , as well as various combinations of laser and radar methods [11] . The fundamental difficulty of coherent signal generation in the backward direction through a nonlinear wave-mixing process is due to phase matching, which expresses a universal physical principle of momentum conservation.
In this Letter we demonstrate the possibility of producing a strong backward signal through a four-wavemixing (FWM) process via Raman-excited molecular vibrational coherence. In this process, two strong near-UV laser pulses (pump and Stokes) generate the coherence between two vibrational molecular levels. A weak IR pulse then probes this coherence and generates an IR signal in the backward direction [ Fig. 1(a) ]. A local ionization of a gas by a nanosecond pulse enables a remote control of the refraction [12] , facilitating phase matching of the considered FWM process.
Let us consider an FWM process ω 4 −ω 1 ω 2 ω 3 involving a pump, Stokes, probe, and FWM fields with frequencies ω 1 , ω 2 , ω 3 , and ω 4 and wave vectors k 1 , k 2 , k 3 , and k 4 , respectively, in a double Λ level scheme [as shown in Fig. 1(b) ]. The vibrational coherence ρ cb generated by the pump and Stokes fields in a steady state reads ρ cb Ξ∕D, where
Here Ω 1;2 are the Rabi frequencies for the pump and Stokes fields, and Γ ij γ ij iΔ ij , where γ ij are the relaxation rates and Δ ij are the relevant frequency detunings. The evolution of the probe and scattered fields Ω 3 and Ω 4 in the retarded frame is governed by the equations
where η 4 Nλ 2 dc γ r and η 3 Nλ 2 db γ r are the coupling constants, N is the density of the molecules, k j is the wavenumber. κ is the imaginary part of the refractive index modified by free electrons generated in the ionization process. The total refractive index of the ionized gas is given by [13] n n p iκ with 2n 2 p ε ε 2 4πσ∕ω 2 1∕2 and 2κ
2 is the dielectric function, σ e 2 n e ν∕mν 2 ω 2 is the conductivity, ω p 4πe
2 n e ∕m 1∕2 is the plasma frequency, ω is the radiation frequency, ν is the effective collision frequency, and n e is the electron density.
The signal field at the frequency ω 4 can then be calculated as
The phasematching condition for the process shown in Fig. 1 (a) is k 1 − k 2 − k 3 k 4 0 for the real parts of vectors k j . With the pump, Stokes, and probe fields propagating along the z direction toward the target and the coherent Raman signal propagating in the backward direction, the phase-matching condition yields an equation n p1 n e ω 1 − n p4 n e ω 4 n p2 n e ω 2 n p3 n e ω 3 ; (2) where n pj n e is the real part of the refractive index at the frequency ω j , j 1, 2, 3, 4, altered by the presence of the plasma with given electron density n e .
We assume that a plasma spark is produced in the air by a nanosecond laser pulse via multiphoton ionization. For a typical Nd:YAG laser with a few-nanosecond pulse duration, the breakdown threshold at atmospheric pressure is of the order of 10 10 − 10 11 W∕cm 2 [14] . Laserinduced breakdown by nanosecond pulses is described in the vast literature (see, e.g., [14, 15] for a review). Its physics is different from the physics behind femtosecond filamentation. In contrast to femtosecond filamentation [1] [2] [3] [4] [5] , the Kerr effect does not play a significant role in laser-spark generation by nanosecond pulses. Indeed, with a typical nanosecond-regime laserbreakdown-threshold intensity of 10 10 − 10 11 W∕cm 2 and a nonlinear refractive index of atmospheric air n 2 ∼ 5 × 10 −19 W∕cm 2 , we find a refractive index change of 10 −8 − 10 −7 , which is much smaller than the ionizationinduced change in the refractive index. Another important difference from the regime of femtosecond filamentation is that the laser spark induced by nanosecond pulses does not produce any background due to supercontinuum radiation, which is usually emitted by femtosecond filaments and which may stretch over an ultrabroad spectral range from the UV to the terahertz region [1] . High-contrast forward coherent Raman scattering free of the terahertz background has been observed from laser plasmas produced by nanosecond pulses in the extensive earlier experiments (see [16] for review). Nanosecond pulses with intensities well above the GW∕cm 2 level, on the other hand, may give rise to backward stimulated Brillouin scattering (SBS), which may have important implications for standoff detection. However, backward coherent Raman scattering would have important advantages over SBS due to its chemical specificity, allowing the type of chemical species to be identified in the standoff mode. The typical electron temperature in the laser-produced plasma in air is T e ∼ 2 − 3 eV. The electron density, as verified by extensive experimental studies (see, e.g., [14, 15] for a review), can be up to n e ∼ 2 × 10 19 cm −3 . For such a density, plasma can be treated as ideal with plasma parameter Λ πn e λ 3 D ∼ 10, where λ D is the Debye radius. The corresponding plasma frequency is ω p ∼ 10 14 s −1 . For efficient plasma-field interaction, the laser pulse should be much longer than the plasma oscillation cycle. Therefore, nanosecond and picosecond pulses can be used for probe and signal fields. The temperature and density of electrons determine the effective collision frequency between electrons and ions ν ei 4πn e Z 2 i e 2 μ −1∕2 kT e −3∕2 log Λ ei ∼ 10 13 s −1 , where Λ ei is a Coulomb logarithm, μ m e m i ∕m e m i ≈ m e is reduced mass, and Z i 1 for single ionization. The collision between electrons and neutral molecules can be estimated as ν en ∼ v th σ en n e , where v th is the electron thermal velocity, σ en is the cross section, and n e is the electron density. For T e ∼ 1 eV, σ en ∼ 10 −15 cm 2 , and n e ∼ 10 19 cm −3 , we have ν en ∼ 10 11 s −1 . Thus, the dominant collision process contributing to the refractive index change is electron-ion scattering. In the case of an SO 2 molecule, the double Λ scheme shown in Fig. 1 14 Hz. As is seen from the above expressions, the refractive index of an ionized gas is controlled by the electron density, which, in its turn, may depend on the laser intensity. However, in the regime of laser breakdown of a gas induced by nanosecond laser pulses, this dependence becomes very weak, since, above the laser breakdown threshold, plasma absorption on the moving front of the laser-produced spark leads to effective screening, preventing further energy deposition inside the spark [15] . In this regime, variations in laser intensity are not expected to result in dramatic changes in the phase matching. Another universal tendency in the temporal evolution of laser plasmas induced by nanosecond pulses is the flattening of the transverse electron density profile [14] . This effect is favorable for improving the lateral uniformity of ionization-assisted phase matching across the ionized gas region. Figure 1(c) shows that the refractive index has a dip in the IR part of the spectrum (λ > 1 μm), while it is almost a constant in the shorter wavelength region. In particular, the refractive index for the probe and backward signals is reduced down to 0.348 and 0.241, respectively, in order to satisfy the phase-matching condition Eq. (2). For such parameters of the plasma, absorption of the UV pump/ Stokes pulses is weak, but the probe and signal fields may experience strong attenuation, as shown in Fig. 1(d) . However, with a proper optimization of plasma parameters, as shown below, a sufficient efficiency of backward signal generation can be provided to yield a detectable backward signal. Beyond the region of ionized gas, the attenuation of the backward signal in the atmospheric air is low (below 10 dB∕km at 16.5 μm).
As an intuitive theoretical example, we consider detection of sulfur dioxide with a concentration of 5 parts per million (ppm). After the plasma has been prepared, we first send strong pump/Stokes pulses (with a typical energy of 10 mJ and a pulse width of 10 ns) to prepare the system with maximum coherence ρ cb . Then a ∼1 mJ probe field with a 100 ps pulse duration is sent to generate the backward signal. With the pump, Stokes, and probe beams all focused into a beam-waist area of 5 × 10 −4 cm −2 , the intensities of the pump, Stokes, and probe pulses are 2 × 10 9 , 2 × 10 9 , and 2 × 10 10 W∕cm 2 , respectively. In Figs. 2a and 2b , we present the results of joint numerical solution of the relevant density matrix equations and field propagation equations [Eq. (1)] for the power of the backward signal versus the time after the probe field is turned on [ Fig. 2(a) ] and the energy of the backward signal as a function of the gain length [ Fig. 2(b) ]. These simulations show that the signal pulse duration is around 0.01 ns and is limited by the large collisional broadening. The maximum peak power can reach 70 mW. The dependence of the backward signal energy on the gain length (plasma spark size) is shown in Fig. 2(b) . At small gain length (<0.1 μm), the backward signal is negligible. When increasing the gain length (from 0.1 to 10 μm), a rapid growth of backward signal can be detected. However, when the gain length is larger than 10 μm, it reaches saturation because of the strong plasma absorption of the probe field. As a result, the generation of the coherent backward signal is confined to a short beam-interaction length where the probe field is still high enough. For a plasma region of 100 μm, 1 pJ coherent signal can be generated in the backward direction from a single laser shot [see Fig. 2(b) ]. The number of trace-gas molecules probed within the beaminteraction volume in the considered geometry with a trace-gas concentration of 5 ppm is ∼5 × 10 7 . The coherent backward signal produced by nonlinear-optical interaction is highly directional, with its intensity decaying with distance r much slower than 1∕r
2 . This advantage of proposed approach can overcome one of the key limitations of the lidar methods based on incoherent signals.
In conclusion, we have demonstrated the possibility of backward coherent Raman signal generation using only forward propagating pump, Stokes, and probe fields with ionization-assisted phase matching. As an application to standoff detection, this process has been shown to generate a backward signal of picojoule energy through the scattering off the vibrational coherence in sulfur dioxide molecules at the ppm level of trace-gas concentrations.
